Relaxation to a thermal state is the inevitable fate of non-equilibrium interacting quantum systems without special conservation laws. While thermalization in one-dimensional (1D) systems can often be suppressed by integrability mechanisms, in two spatial dimensions thermalization is expected to be far more effective due to the increased phase space. In this work we propose a general framework for escaping or delaying the emergence of the thermal state in two-dimensional (2D) arrays of Rydberg atoms via the mechanism of quantum scars, i.e. initial states that fail to thermalize. The suppression of thermalization is achieved in two complementary ways: by adding local perturbations or by adjusting the driving Rabi frequency according to the local connectivity of the lattice. We demonstrate that these mechanisms allow to realize robust quantum scars in various two-dimensional lattices, including decorated lattices with non-constant connectivity. In particular, we show that a small decrease of the Rabi frequency at the corners of the lattice is crucial for mitigating the strong boundary effects in two-dimensional systems. Our results identify synchronization as an important tool for future experiments on two-dimensional quantum scars.
Introduction.-Recent experimental breakthroughs allow to probe non-equilibrium quantum dynamics of various isolated quantum systems [1] [2] [3] . Yet, for generic interacting systems that do not have any special conservation laws, such dynamics leads to a thermal state. This process of thermalization is explained by the typicality of highly excited eigenstates in interacting quantum systems. Formally, the Eigenstate Thermalization Hypothesis (ETH) [4, 5] conjectures that all eigenstates of a Hamiltonian in a sufficiently narrow energy shell, display the same expectation values of physical observables as the microcanonical ensemble. ETH has been numerically and experimentally verified in a variety of different quantum systems [6, 7] .
In order to observe long-time coherent dynamics in quantum systems one must avoid thermalization or at least delay its onset. Integrable systems which satisfy the Yang-Baxter equation [8, 9] , and the disordered systems which undergo a many-body localization (MBL) transition [10, 11] , provide explicit examples of ETH violation. However, integrability is known to exist only for 1D systems; the existence of MBL in higher dimensions is also debated [12, 13] . Intuitively, thermalization is more ubiquitous in higher dimensions due to larger phase space available for relaxation processes. This motivates the exploration of alternative ETH-violating mechanisms.
Recent experiments on Rydberg atom arrays [14] suggested the possibility of weak ETH breaking via a different mechanism now known as "quantum many-body scars" [15, 16] . Quantum many-body scarring manifests itself as the presence of a small set of atypical ETH-breaking eigenstates. Experimentally, scars lead to strong dependence of relaxation on initial conditions: initial configurations that have a large overlap with atypical eigenstates feature slow growth of entanglement and long-time coherent dynamics, whereas other initial states relax much faster. Theoretically, scars have been explained via the existence of an (un)stable trajectory within the variational semiclassical approach [16, 17] or, alternatively, via a hidden su(2) algebra representation in the subspace of atypical eigenstates [18, 19] . In addition, some exact scarred eigenstates of the Rydberg atom chain have been constructed [20] , and their stability under perturbations was investigated [21, 22] . Finally, scars were also reported in a variety of other models [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , while scarring may be related to non-ergodic behavior observed in models with confinement [36] [37] [38] , dynamical symmetries [39, 40] , fractons [41] [42] [43] [44] , and "Krylov restricted thermalization" [45] .
In this work we present a detailed study of scars on 2D lattices of Rydberg atoms in the regime of the nearestneighbor blockade that has been realized in many recent experiments [14, [46] [47] [48] . We concentrate on experimental knobs that could be used to enhance many-body scars in 2D quantum systems, which are significantly more susceptible to thermalization as well as finite-size effects due to their larger boundary-to-bulk ratio. First, we show that weak perturbations of the Rydberg atom Hamiltonian on square lattices can significantly stabilize scars by improving an approximate su(2) algebra representation in the subspace of scarred eigenstates. This leads to stronger fidelity revivals and enhanced coherence in the dynamics. Further, we consider scars on more complicated lattices and in the presence of open boundaries. For lattices featuring non-uniform connectivity, coherent many-body oscillations can be stabilized by adjusting the driving Rabi frequency according to local connectivity. We refer to this stabilization mechanism as "enforced synchronization", and we demonstrate that this can be used to suppress the dephasing due to the boundary by matching the oscillation frequency at the boundary and in the bulk. (1) and the deformation, Eq. (2) needed to stabilize the scars. (b) Fidelity of quantum many-body revivals for the unperturbed Hamiltonian (magenta) and the model with the optimal perturbation (black) for 6 × 6 lattice with PBC. (c) Entanglement entropy for all eigenstates as a function of their energy. The color indicates the density of dots, which is strongly peaked around zero energy. The deformed model (bottom plot) has a much more pronounced band of low-entangled eigenstates (red diamonds) compared to the underformed model (top plot). Data is obtained by exact diagonalization in the zero-momentum, inversion-symmetric sector for 6 × 6 lattice with D = 9702 states.
Model.-We begin by considering Rydberg atoms arranged in a square lattice in the regime of the nearestneighbor blockade. The Hamiltonian generates Rabi oscillations of a given atom under the constraint that all four neighboring atoms are in the ground state,
where the indices, r = (i, j), denote the lattice site, i, j = 1, . . . L, and the product goes over all nearest neighbors of site r. The operator σ x r = |↑ ↓|+|↓ ↑| describes Rabi oscillations between excited (↑) and ground states (↓) of a given atom. The product of projectors onto the ground state, P = |↓ ↓|, ensures the absence of excitations on nearest neighbor sites. In Fig. 1(a) we show the lattice and the corresponding Hamiltonian density operator,σ x r . We focus on the sector of the Hilbert space with no adjacent excitations, which is the largest sector of the system. The dimension of this sector scales as Dim(H) ∝ c L 2 1 where c 1 ≈ 1.503... is the hard square entropy constant [49] .
Stabilization of scars via deformation.- Figure 1 (a) shows a partition of the square lattice M into two sublattices, M = A∪B. Two states with the maximum number of excitations (compatible with the constraint of no adjacent excitations), |M A(B) , correspond to all the atoms in sublattice A (B) being in the excited state. In Ref. [17] , it was shown that the fidelity,
which quantifies a probability of returning to the manybody state |M A at time t features persistent revivals with period T . These revivals were attributed to the existence of a periodic trajectory in the variational manifold of tree tensor states. Figure 1 (b) shows the revivals for a 6 × 6 square lattice with periodic boundary conditions (PBC). The persisting oscillations of fidelity have a period of T ≈ 5, where at half-period the system is approximately close to the second maximally excited state, |M B . This dynamics is similar to the 1D case where the system oscillates between the two Neél states [14] . The revivals are decaying, and it is interesting to find small deformations that would enhance them.
In order to improve the revival quality, we propose the following deformation of the Hamiltonian, see Fig. 1 
where a and b are parameters to be optimized and the projectors are defined as
Ellipses in Eqs. (3) denote the three remaining terms obtained by 90 • rotations around the lattice site at position r = (i, j) that make the perturbation invariant under the full space group symmetry. Our heuristics on the choice of perturbations are based on the "forward scattering approximation" (FSA) [15, 18, 50] . Intuitively, the three terms in the deformation (2) correspond to configurations encountered in the process of flipping the four excited Rydberg atoms that are nearest neighbors on the A sublattice into their ground state [51] . Optimization of coefficients a and b for the 6 × 6 size lattice with PBC results in a ≈ 0.040, b ≈ 0.056. The optimization of a, b is performed by maximizing the fidelity at the first revival, F (T ), using the Nelder-Mead method, see [51] . The resulting fidelity time series are shown in Fig. 1(b) where one observes a significant improvement of the revival quality from F ≈ 0.72 for the unperturbed model to F ≈ 0.997 for the optimal perturbation.
Structure of eigenstates.-The effect of optimal deformation is strongly pronounced not only in the dynamics, but also in eigenstate properties, such as entanglement entropy. Fig. 1 (c) compares the entanglement of each eigenstate for the clean and perturbed models. The entanglement is calculated as S = −Tr{ρ L log ρ L }, where ρ L = Tr R |ψ ψ| is the reduced density matrix for the bipartition of lattice into two cylindrical subsystems R, L of size (L/2) × L, where L is the linear dimension if the lattice. In both cases, the entropy for the majority of the eigenstates depends only on energy density, consistent with ETH. The unperturbed system features no significant entanglement outliers, in contrast to 1D models where a similar plot clearly revealed the special scarred eigenstates [15, 50] . At the same time, the special eigenstates still can be detected by their overlap with the |M A,B product states [51] . By contrast, the optimally perturbed Hamiltonian displays a special band of eigenstates with much lower entropy than any other eigenstate at similar energy density, as seen in bottom panel of Fig. 1(c) . Likewise, the deformation enhances the overlap of special eigenstates with |M A,B product states.
The existence of a deformation that improves the special band of eigenstates suggests that potentially one may deform the 2D Hamiltonian (1) to the point where the manifold of scarred eigenstates forms an exact su(2) representation. However, while Ref. [18] provided strong numerical evidence for the existence of exact scars in 1D models by constructing a long-range quasi-local deformation, the rapidly growing Hilbert space of 2D systems precludes us from simulating longer range deformation terms. At the same time, the existence of such a perturbation in the 2D case is non-trivial and suggests that the existence of exact scars is not related to integrability [21] . Moreover, the leading order deformation improves the coherence so strongly that longer range terms may be not needed on the experimentally relevant timescales.
Scars in decorated lattices.-Above we considered the square lattice -the simplest 2D bipartite lattice (see [51] for the case of honeycomb lattice). It is interesting to explore more exotic lattices, e.g., one possibility, which does not exist in 1D, are lattices where different Rydberg atoms have different number of nearest neighbors. The simplest bipartite lattice with different connectivity can be obtained from the honeycomb lattice by adding extra Rydberg atoms to the middle of each link, see Fig. 2 (a). Such "decorated" honeycomb lattice is bipartite, where partition A consists of atoms in the middle of the edges and partition B includes atoms located at the vertices of the honeycomb lattice. We assume there is no Rydberg blockade between sites on the same sublattice. Under such an assumption, we write the Hamiltonian as
where the Hamiltonian density operator is the same as in Eq. (1), and we introduced two different Rabi frequencies (we set ω B = 1 for simplicity). We will tune ω A below to correct for the connectivity mismatch between different sublattices. For the rest we denote ω A ≡ ω, and use PBC. The maximally blocked states, |M A(B) are given by exciting every site from sublattice A(B), while keeping the atoms in the other sublattice in their ground state. Now these states have inequivalent number of excited Rydberg atoms, with the "maximally excited" state in the system being |M A .
To have a quantitative understanding of dynamics, we approximate the decorated lattice by a tree with the same pattern of local connectivities using the method discussed in Ref. [17] . We project quantum dynamics on the tree onto a manifold of tensor tree states (TTS), parametrized by two real angles |ψ(θ A , θ B ) using the time-dependent variational principle (TDVP) [17, 52] [51]. The resulting equations of motion in the TTS manifold read,
where c A = 2, c B = 3 are the connectivities of sublattices A, B. For the case when c A = c B and ω = 1, Refs. [16, 17] demonstrated the existence of a periodic trajectory that connects states |M A,B on the variational manifold.
Surprisingly, when c A = c B as in the present case, the trajectory emanating from the |M A state does not reach |M B state but instead falls down into the singular point. Thus, an unstable periodic orbit does not exist for generic values of ω. In order for it to exist, it should pass through both |M A and |M B states. , where the value of is small but finite. Such a regularization prevents trajectories from completely "falling" into singular points, yet we see that only at ω c the trajectory passes through both |M A,B states, with the value of ω c being independent of regularization.
Finally, we investigate the behavior of quantum fidelity at the first revival as a function of ω. Fig. 2 (c) shows that the fidelity has best revivals at the value of ω ≈ 0.8, which is close to but does not coincide with the prediction from TDVP dynamics, ω c . The difference between the two values and also the smooth dependence of fidelity revival quality on ω may be attributed to quantum fluctuations present in the model.
The improvement of oscillations predicted by variational dynamics and confirmed in the simulation of exact quantum dynamics may be intuitively explained as enforced synchronization. Indeed, in the decorated honeycomb lattice the atoms on sublattice A experience weaker blockade due to presence of a smaller number of nearest neighbors. Thus, the optimal fidelity revivals are achieved when Rabi frequency ω on this sublattice is decreased compared to sublattice B. We believe that such intuition will also hold for more decorated lattices with different local connectivities c A and c B , see [51] for predictions for ω from FSA. On the one hand, this can open the door to the realization of scars on lattices with more exotic geometries; on the other hand, this intuition can be applied to remove the unwanted boundary effects, as we show next.
Boundary synchronization.
-In experiments with Rydberg blockade, atoms are manipulated individually with optical tweezers [14, [46] [47] [48] , which enables realization of arbitrary lattice geometries. At the same time, implementing PBC that were used above is challenging if not unfeasible. Thus it is imperative to understand and address boundary effects. For instance, the boundary for the square lattice as large as 6 × 6 atoms still has more atoms compared to the "bulk" of the lattice -see Fig. 3 (a). Different number of local neighbors at the boundary and in the bulk of the system leads to faster dephasing that quickly degrades fidelity revivals as well as oscillations of local observables.
Inspired by the results from decorated lattices, we propose a correction to the local Rabi frequency which depends on the local connectivity. The corrected Hamiltonian for the square lattice reads,
where the H is Hamiltonian from Eq. (1) and the subtracted terms include the sum over all atoms at corners (C) which have only two nearest neighbors and those at the edges of lattice (E), which have three neighbors, see Fig. 3 (a). To optimize the perturbations (g C , g E ), we maximize the fidelity on a 4 × 4 lattice where the full Hilbert space has dimension Dim H = 1234. In this case we find an insignificant correction to the edge sites, g E ≈ 10 −3 , while the corner terms acquire a much stronger correction, g C ≈ 0.12. Guided by this result, we completely disregard the edge correction, by setting g E = 0, and focus only on the correction to the four corners of the lattice, g C . The optimization of fidelity for the 6 × 6 lat- tice yields optimal value g C ≈ 0.105 which corresponds to an approximately 10% decrease in the Rabi frequency for corners of the lattice.
We explore the effects of the perturbation on the dynamics of the experimentally observable quantitymean domain wall density, G = (1/L 2 ) r P r r r P r . Fig. 3(b) compares the dynamics of the domain wall density in the quench from |M A state for the original and boundary-synchronized Hamiltonians with open boundary conditions. While at early times the effects of the boundaries are weak (the Lieb-Robinson bound [53] suggests that boundary effects "propagate" to the bulk with a constant velocity), after four revivals the dephasing from the boundaries begins to degrade the oscillations. For the uncorrected model the domain wall density is almost equilibrated at t 15. In contrast, the oscillations in the synchronized Hamiltonian persist for much longer times.
Discussion.-We demonstrated the stabilization of quantum scars in 2D lattices by two complementary types of deformations of the Hamiltonian. First, we constructed a weak longer-range deformation that improves the quality of the fidelity revivals by further decoupling the scarred subspace away from the thermal bulk of the spectrum, similar to "perfect" scars in 1D Rydberg blockade [18] . Second, inspired by TDPV description within the TTS manifold [17] , we proposed synchronization as a mechanism for improving scars on lattices of non-constant connectivity and in presence of boundaries. The local tuning of the Rabi frequency is feasible and can be used to experimentally mitigate the boundary effects. We expect that such a synchronization will open the door to the experimental application of scars in two dimensions akin to the π-pulse experiment in 1D [54] .
An immediate question raised by our results is the interplay between the synchronization mechanism explained via TDVP and the deformation of the Hamiltonian that is explained in terms of su(2) representa-tions. Understanding the relation between these two mechanisms beyond phenomenological arguments provided in [51] could provide a more complete picture and classification of possible scars. In addition, the existence of synchronization that improves scars bears a distant analogy to the collective oscillations in the BCS model [55] and collective modes in Maxwell-Bloch equation [56] . Making this analogy more quantitative could prove fruitful for generalizations of scars.
More broadly, while we demonstrated the existence of scars for several bipartite lattices, the existence of oscillations in non-bipartite lattices, such as triangular or kagome, remains an open question. For instance, triangular lattice features a natural partition into three sublattices and it would be interesting to explore the possibility for analogs of Z 3 scars in Rydberg chains [17, 27, 50] . In addition, understanding the connection between existence of scars and ground state phase diagram [57] and extending these results to models with longer-range blockade remains an interesting question.
Note added.-When this work was at the final stages of preparation, Ref. [58] proposed that XXZ spin-1/2 mod-els may acquire non-thermal eigenstates on kagome lattice via a mechanism that utilizes geometric frustration. It remains to be understood if a similar mechanism could be useful for constrained models on non-bipartite lattices.
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In this supplement we present additional details on the FSA method and its relation to the su(2) representation for the square lattice. In addition, we illustrate the generalization of the deformation using the example of the honeycomb lattice. Finally we introduce the tensor tree ansatz used in the main text to approximate dynamics for the decorated honeycomb lattice and we link the optimal frequency of the synchronization to the FSA.
I. FSA AND SCAR STABILIZATION ON THE SQUARE LATTICE
The forward scattering approximation (FSA) is crucial in the understanding of quantum scars in 1D Rydberg chains because it generates a subspace which is approximately decoupled from the rest of the Hilbert space. This implies that states spanned by the subspace thermalize very slowly [15, 50] . In the 1D blockade, a set of quasi-local perturbations was shown to lead to nearly perfect revivals of the maximally excited state [18] . The optimal -according to fidelity maximization -perturbation corresponds to the perturbation which disconnect the FSA subspace almost completely from the rest of the Hilbert space. Remarkably, the optimal perturbation associates the FSA subspace to the weight vectors of an irreducible representation of an su(2) algebra.
In this section we discuss the generalization of this mechanism to 2D lattices. First, we briefly describe the FSA algorithm for the Hamiltonian defined in Eq. (1) of the main text and study the effects of the perturbation to the subspace. Finally we elaborate on the relation between the FSA and su(2) algebra for the perturbations that maximize the fidelity of the state.
A. FSA method
In the following, we briefly describe the FSA method and explore the relation between the FSA and the stabilization of scars in 2D. The main idea of FSA approximation is the splitting of the Hamiltonian
where H +/− increase/decrease the Hamming distance from the maximally excited state. The Hamming distance counts the number of spin flips required to reach the given state by the action of H + on the starting product state, |M A . For the Hamiltonians in the form of
where v rσ
x r = V r as defined in Eqs. (1)-(2) of the main text (for the square lattice), the splitting is given by Figure S1 . The black dot denotes the minimum of the subspace variance as a function of the perturbation strengths. The green dot shows the couplings which lead to the best revivals.
We used the conventionσ ± r = σ ± r r ,r P r for local raising and lowering operators dressed by projectors. Equation (S3) is the same for any lattice as long as the perturbations are diagonal in the z-basis. The FSA subspace V, is defined by
where N is the total number of lattice sites and Sp denotes the span. By definition the FSA basis vectors are orthonormal, n 1 |n 2 = δ n1,n2 . This subspace can be further improved by imposing an equal treatment for the two maximally excited states, |M A/B . This can be done by generating the first N/2 states by using |M A as a vacuum and H + as a generator, and the last N/2 states by using |M B as a vacuum and H − as a generator. We note that the states generated from the two different vacua are orthogonal to each other because they do not share the same support. The only state which requires extra care is the one whose Hamming distance from both |M A and |M B is N/2. For this state we pick the equal superposition |N/2 + 1 = H + |N/2 + H − |N/2 + 2 and normalize it to get an orthonormal basis for V.
To measure how disconnected the subspace is, we use the subspace variance,
where Q V = n |n n| is the projector to the subspace V. Eq. (S5) can be qualitatively understood by realizing that its minimum value, zero, is achieved only if -10 -5 0 5 10 10 -1 (a) (b) Figure S2 .
(a) The comparison of the overlaps between the eigenstates of the projected Hamiltonian QV HQV and the full Hamiltonian H demonstrates the improved accuracy of the approximate eigenstates for the optimal perturbation. The blue diamonds denote the unperturbed model, the red circles denote the perturbation which maximizes fidelity, and the black crosses denote the perturbation that minimizes subspace variance, Eq (S5). (b) Overlap of the maximally excited state with the eigenstates of the full Hamiltonian for the perturbation that maximizes fidelity. Only the overlaps with the eigenstates that are approximated by the FSA subspace are shown. dim(V) = N + 1 eigenstates of the Hamiltonian are fully supported in V. In this case the dynamics of any state that is a superposition of those eigenstates can not lead to thermalization. The subspace is constructed in such a way to trivially include |M A = |0 . For this reason, if Var V (H) is very small, the state |M A is expected to thermalize very slowly.
For the rest of the section we focus on the 4 × 4 square lattice and the perturbation defined in Eqs. (2)-(3) of the main text. Similar results hold for the honeycomb lattice described in the next section and are expected to hold for various different bipartite lattices. In Figure S1 we show the dependence of the subspace variance, Var V (H), on the perturbation parameters. We observe that the minimum V H = (a H , b H ) ≈ (0.0217, 0.0556) is close to the value that reproduces the best fidelity revivals V c = (a c , b c ) ≈ (0.0244, 0.0506).
To further quantify the effect of the perturbations, we compare the eigenstates of the full Hamiltonian, {|E }, to those of the Hamiltonian projected to the subspace, {|e }. In Figure S2(a) we show the highest overlap between each approximate eigenstate and the eigenstates of the full model, Max |E | e i |E | 2 . As expected, the approximate eigenstates of the deformed model are closer to the exact eigenstates. On the other hand there is little difference between the fidelity optimized perturbation, V c , and the variance optimized perturbation, V H .
The disagreement between V H and V c can be understood from Fig. S2(b) . The overlap of the maximally excited state is much larger for the two eigenstates close to the middle of the spectrum, which means that the dynamics of |M A is mostly sensitive to those two eigenstates and not to the rest of the subspace V. Indeed from Figure S2 (a), we observe that the two middle eigenstates are closer to the approximate eigenstates for the perturbation that maximizes fidelity, V c . To verify that observation we find that the perturbation which minimizes the energy variance of only the two relevant eigenstates, (a 0 , b 0 ) ≈ (0.022, 0.054) is much closer to V c .
B. FSA and su(2) algebra
In this section we show that the FSA generators, {H + , H − , H z = [H + , H − ]}, for the optimal perturbation, also approximately generate an N/2-dimensional su(2) representation. The orthonormal basis of the subspace V, {|n }, form the weight vectors of the representation with the highest/lowest weight vectors being |M A/B . We note that the generators do not act in a special way outside of V.
According to these definitions, the Hamiltonian -if applied in the subspace -just rotates the N/2-dimensional spin around the x-axis, H = H x = H + + H − . To verify these assumptions we compare the exact dynamics to the dynamics of an exact N/2-dimensional su(2) algebra {S + , S − , S z = [S + , S − ]}. We choose the representation where the period of the quench from the highest weight state, e iS x T SU (2) |M A = |M A , is just T SU (2) = 2π. The FSA algebra is renormalized in order for the period of the fidelity revivals to be T = T SU (2) :
where T is the non-normalized period of revivals in the quantum system. The (normalized) Casimir operator of the algebra is
If the FSA subspace generators form an irreducible representation of an N/2-dimensional su(2) algebra, the Casimir operator will be an integral of motion, C(t) = 1.
In Figure S3 we compare the dynamics in a quench from the maximally excited state with the su(2) algebra prediction. The fidelity of the perturbed (V c ) Hamiltonian agrees well with the su(2) prediction. On the contrary, S3
the unperturbed system deviates significantly as the dynamics move the state further from |M A . In the same spirit, the Casimir operator in the stabilized model oscillates with a much smaller amplitude compared to the unperturbed Hamiltonian. In addition to the dynamics, the matrix elements n|H z |n (not shown), indicate that the optimal perturbation indeed makes the FSA subspace more su(2)-like. These results are reminiscent of the (almost) perfect scars of the one dimensional Rydberg blockades [18] . We believe that the stabilizing perturbation in this work is the higher dimensional analog of the range-1 perturbation found in [21] and extended in [18] . The difference in higher dimensional models is that the number of possible perturbation terms rapidly increases with the range of the deformation. This fact along with the limited range of system sizes in 2D makes the search for longer range perturbations very challenging.
II. STABILIZATION OF THE HONEYCOMB LATTICE
In this section we show that the stabilizing perturbations used in the main text can be generalized to different bipartite lattices. As an example we study the Rydberg blockade in the honeycomb lattice. The Hamiltonian of the system is
where the perturbations are defined as
The projector P l r is a superposition of projectors acting on the next nearest neighbors sites to the site at r. The projector P 2 r is a superposition of the projectors, simultaneously applied to all next nearest neighbor sites to r which share a common neighbor with the site at r. These projectors are analogs of the projectors P l , P 3 of the square lattice given in the main text. The main difference in the honeycomb, is the absence of next nearest neighbors which share two common neighbors with the site at r and thus the analog of the projector P d is not needed.
The honeycomb lattice has a two atoms in the unit cell that correspond to partitions A/B. The states which have the maximum number of excitations |M A/B corresponds to the states where the sites in sublattice A/B are excited. As in the square lattice we maximize the fidelity F (t) = | M A |e −iHt |M A | 2 , at the instance of the first revival at time T . The results are summarized in the following table: where we considered lattices that consist of N = 18 sites (3 × 3 unit cells) and N = 32 sites (4 × 4 unit cells). The optimal perturbation is almost independent of the system size, which means that the stabilization is not a result of the small size of the Hilbert space. In Figure S4 we compare the unperturbed and the stabilized Hamiltonians for a lattice with N = 32 sites with PBC. We observe that the entanglement entropy of a bipartition of the honeycomb lattice has similar features to the square lattice, i.e. the stabilization of the scars forms a band of slightly entangled eigenstates. The same phenomenon appears in the overlaps between the eigenstates and the maximally excited state | E|M A | 2 . There is a single eigenstate with much higher overlap than all other eigenstates in the same energy density.
III. DECORATED LATTICE
In this section we first describe the TTS ansatz used in the main text and compare the approximate dynamics to the exact dynamics of the decorated lattice. We then describe how to generalize the FSA method to such decorated lattices and show how to estimate the optimal Rabi frequency, ω c , by requiring the FSA subspace V to be symmetric.
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A B Figure S5 . Mapping of the decorated lattice onto a decorated Cayley tree. The wavefunction of the decorated tree tensor network combines local tensors with two virtual indices which are attached onto the links of the network (sublattice A) and local tensors with three virtual indices which are attached to the vertices of the network (sublattice B).
A. TTS approximation to decorated lattices
To study the decorated lattice, we use a decorated Cayley tree lattice, Figure S5 . Tree tensor networks can accurately approximate the properties of the ground states [59] and in certain cases the dynamics [17] of lattices with loops. For the decorated tree we use the mean field-like variational wave function,
where |N A , N B is an equal superposition of the many body states in the computational basis where the number of excitations in each subblatice is fixed, j∈A/B n j = N A/B . To have a normalized state in the thermodynamic limit we use the following parametrization of the weights,
The ansatz of states defined by Eqs. (S10)-(S11) is identical to the tensor tree ansatz (TTS)
where the trace is taken over all physical indices n i , n j and over the virtual dimensions of the local tensors in the appropriate order to reproduce the TTS. The tensors A, B are defined as, Figure S6 .
Comparison of the dynamics of local observables using exact evolution in the decorated lattice (dots) and TDVP on the decorated tree lattice (lines). The red/black colors denotes the dynamics of local observables acting on A/B subblattice. The initial state is |MA and ω = ωc. where c i is the connectivity the sublattice A/B and I = ci−1 l=1 a l counts the number of "excitations" on the c i − 1 adjacent sites. The difference from Ref. [17] is that the network contains two types of tensors with different number of virtual indices corresponding to sublattices A/B. The tensor A has two virtual indices (similar to local tensors in a matrix product state) while the local tensor B has three virtual indices.
The state where sites in sublattice A are excited and sites in sublattice B are in the ground state is labeled |M A and the state where the sites in sublattice B are excited and the sites in sublattice A are in the ground state is labeled |M B . From Eq. (S11), we observe that |M A corresponds to the solutions of {cos θ A = 0, cos θ B = 1} and |M B to the solutions of {cos θ B = 0, cos θ A = 1}. In both cases we can fix φ A = φ B = 0. We note that for the decorated lattice the wave function is not normalized for the states |M A , |M B . We can deal with this problem by either initializing the system in a state which is 1 away from the singular states or by regularizing the equations of motion. The dynamics of the system is generated by the Hamiltonian defined in Eq. (4) of the main text. The time-dependent variational principle (TDVP) [17, 52, 60] , is employed to find the equations of motion in Eq. (5) of the main text. To avoid singularities we regularize the tangent function as described in the main text. In Figure S6 we compare the dynamics of local observables using the exact evolution for a system with N = 20 sites (2 × 2 unit cells with PBC) and the dynamics generated by the TDVP, Eq. (5). The local correlation functions agree well within a period of the classical orbit. This implies that all physical processes associated to the coherent dynamics are well captured by our ansatz. 
B. FSA for the decorated lattice
In this section we extend the FSA method described in Sec. I to decorated lattices and show that the optimal frequency can be obtained by imposing a condition of symmetry between |M A,B states within the FSA subspace. The splitting of the Hamiltonian is performed according to Eq. (S1). The two ladder operators read:
(S14)
The 
We note that the basis of V defined above, {|n }, n ∈ {0, N }, is orthogonal. For the rest we use a normalized basis |n → |n / |n .
The first difference of the FSA applied to the decorated lattice instead of the normal lattice is that we generate more states by applying H + to |M A than by applying H − to |M B . However this asymmetry is not a priori problematic. The second difference, which proves to be much more sensitive to the fidelity of the revivals can be quantified by the difference in the norms, (H + ) n |M A = (H − ) n |M B , ∀n ∈ {1, 2N/5}.
(S16) A particular choice of ω that almost fixes this asymmetry for all n is found by equating the norms for n = 1,
The solution ω s = 2/3 ≈ 0.81 is practically the same as the frequency that produces the optimal fidelity, ω c ≈ 0.8. Even though we do not have an analytic understanding behind this agreement, this criterion can be understood via properties of the quantum trajectory that passes through |M A/B states. By equating the norms in Eq. (S17) the physical property that emerges in the quantum trajectory is that the rates d|M B dt = d|M A dt . In the same spirit since the norms for n = 1 are approximately equal by that choice of ω, higher time derivatives of the two states are approximately equal in magnitude. This result can be generalized as ω = c A /c B for decorated lattices with different sublattice connectivities c A , c B .
In Figure S7 (a) we numerically justify the value of ω by evaluating the subspace variance, Eq. (S5), for different detunings. The optimal value ω 0 ≈ 0.84 is very close to the exact result and the same as the TDVP result up to the first two significant digits. We don't have an understanding for the small difference between ω s and ω 0 . It could possibly be due to finite size effects. The improvement of quality of the revivals is further justified by the maximum overlaps of the eigenstates of the Hamiltonian projected in the FSA subspace and the exact eigenstates of the system, Figure S7 
